The blood-brain barrier (BBB) opening following traumatic brain injury (TBI) provides a chance for therapeutic agents to cross the barrier, yet the reduction of the cerebral microvascular perfusion after TBI may limit the intervention. Meanwhile, optimizing the cerebral capillary perfusion by the strategies such as fluid administration may cause brain edema due to the BBB opening post trauma. To guide the TBI therapy, we characterized the relationship between the changes in the cerebral capillary perfusion and BBB permeability after TBI. First, we observed the changes of the cerebral capillary perfusion by the intracardiac perfusion of Evans Blue and the BBB disruption with magnetic resonance imaging (MRI) in the rat subjected to lateral fluid percussion (FP) brain injury. The correlation between two variables was next evaluated with the correlation analysis. Since related to BBB breakdown, matrix metalloproteinase-9 (MMP-9) activity was finally detected by gelatin zymography. We found that the ratios of the perfused microvessel numbers in the lesioned cortices were significantly reduced at 0 and 1 h post trauma compared with that in the normal cortex, which then dramatically recovered at 4 and 24 h after injury, and that the BBB permeability was greatly augmented in the ipsilateral parts at 4, 12, and 24 h, and in the contralateral area at 24 h after injury compared with that in the uninjured brain. The correlation analysis showed that the BBB permeability increase was related to the restoration of the cerebral capillary perfusion over a 24-h period post trauma. Moreover, the gelatin zymography analysis indicated that the MMP-9 activity in the injured brain increased at 4 h and significantly elevated at 12 and 24 h as compared to that at 0 or 1 h after TBI. Our findings demonstrate that the 4 h post trauma is a critical turning point during the development of TBI, and, importantly, the correlation analysis may guide us how to treat TBI.
days after injury. Although these evaluations provide the histological evidence about the disruption of the BBB post trauma, the barrier permeability examination by using the clinically relevant techniques, like magnetic resonance imaging (MRI), is more meaningful to patients. It has been reported that the alterations of the BBB permeability evaluated by MRI vary in the different animal models of TBI. 13, 14 In the rat model of lateral fluid percussion (FP) brain injury, the MRI observation of the BBB permeability reveals the barrier breakdown within 12 h post trauma, 14 but few studies have been performed to investigate the longer events, such as the changes over a 24-h period post trauma, of the barrier permeability with MRI.
The disruption of the BBB after injury, which may be related to matrix metalloproteinase-9 (MMP-9) activity, 10, 15 offers the possibility for the molecules with heavy molecular weight, like nerve growth factor, to cross the barrier to treat TBI patients. However, the compromised cerebral blood flow (CBF) following TBI 16, 17 may hamper the intravenously administered molecules to reach the lesioned areas of the brain and further reduce the efficacy of the treatment.
In the clinic and laboratory, the changes of the CBF can be detected by using different techniques, such as Doppler, single photon emission computed tomography (SPECT), and MRI. [16] [17] [18] In contrast, the intravenous administration of the tracers like the Evans Blue can histologically assess cerebral microvascular perfusion, 19, 20 but the disadvantage of this intravenous injection is that the different circulation periods of the tracer may result in the different numbers of the perfused capillary in impacted areas. 21 Several therapeutic interventions, such as fluid and medicine administration, have been reported to ameliorate the CBF and optimize the cerebral capillary perfusion, 6, 22 which are able to prevent the brain ischemia, reduce the secondary brain injury, and improve the neurological outcome after TBI. The therapy of the fluid administration involves maintaining effective blood volume in the circulation system to ensure adequate cerebral perfusion pressure (CPP) and delivering medical molecules to the injured sites. As the BBB is impaired post trauma, improved microvascular perfusion following the fluid administration may cause water to filter out into the surrounding tissue and further exacerbate the edema in brain parenchyma. 6, 23 There are few data documenting how the capillary perfusion correlates with the BBB permeability following injury. However, the resolution may guide us not only how to optimize the cerebral capillary perfusion but also not to cause other neurological pathophysiologies such as the edema and increased intracranial pressure (ICP). In this study, our objective is to address the relationship between the changes in the cerebral capillary perfusion and the BBB permeability after TBI. We investigated the alterations of the cerebral capillary perfusion by intracardially perfusing Evans Blue and a 24-h period event of the BBB disruption by MRI in the lateral FP brain injury model of TBI in the rat. The correlation between two variables was evaluated with correlation analysis. Moreover, the MMP-9 activities during a period of 24 h after injury were assessed by gelatin zymography.
MATERIALS AND METHODS Animals
This study was approved by Shanghai Jiao Tong University School of Medicine and performed in accordance with the Guide for Laboratory Animal Care and Use. Male SpragueDawley rats, weighing 200-320 g and purchased from Shanghai SLAC and Sino-British Animal facilities (Shanghai, China), were selected randomly for this experiment. The rats were fed in the cages, with food and drinkable water provided ad libitum, at room temperature in a 12 h light/dark cycle.
Lateral FP Brain Injury
Lateral FP brain injury was performed as described previously by McIntosh et al. 24 In brief, each animal was intraperitoneally anesthetized with 0.4% sodium pentobarbital at a dose of 40 mg/kg. The rat was placed in a stereotaxic frame with a head holder. A 37 1C, heating pad was used throughout the surgery. A midline incision between the eyes and the ears was made on the sterilized scalp. After the tissues on the skull were cleaned, a circle craniotomy, over the left parietal cortex between the bregma and the lambda suture, was performed with a 4.7-mm-diameter Michele Trephine 3/16 (Miltex, No. 26-140, Germany). The bone was removed, but the dura mater was kept intact. Thereafter, two screws were placed at the rostral and caudal sites of the craniotomy. A hub connector was inserted into the craniotomy and fixed with the screws using a dental cement. At 30-60 min after the hub placement, the hub was filled with sterile isotonic saline and then connected to the FP injury device (Virginia Commonwealth University Medical Center, Richmond, VA, USA). The FP brain injury was generated by releasing the pendulum hammer at an angle of 12.51 (o1 atm) to strike the plunger of the cylinder filled with sterilized water.
Evaluation of the Cerebral Microvascular Perfusion
The cerebral capillary perfusion before and after lateral FP injury was determined by a modified technique of the intracardiac perfusion of the paraformaldehyde (PFA) fixative solution supplemented with Evans Blue, which was used by del Valle et al 25 to measure the BBB breakdown after cryoinjury in mice, combined with the total blood vessel staining by an alkaline phosphatase (AP) method 19, 26 in the rat.
The animals were divided into naïve group and the groups of 0, 1, 4, 12, and 24 h post trauma. Four in each group. At each time point, the rats were intracardially perfused with prewarmed 0.9% NaCl briefly to wash out blood cells, followed by 0.5% Evans Blue in cold 4% PFA. The perfusion solution was positioned at a height of approximately 100 cm above the perfused animal, which generated a mean arterial pressure (MAP)-like pressure of 73.56 mm Hg (100 cm Á H 2 O). The normal ICP of the rat is about 4.12 mm Hg, 27,28 so the CPP produced in our study (CPP ¼ MAP À ICP) was at the value of approximately 69.44 mm Hg, close to the normal CPP value of 70 mm Hg in the rat. 29 After perfusion, the brain was taken out, post-fixed in 4% PFA at 4 1C for 4 h, and then cryoprotected in 20 and 30% sucrose solutions in PBS at 4 1C for 3 days. The brain tissues were cut 40 mm in thickness in a cryostat (Leica Microsystems, Wetzlar, Germany). Sections were mounted on gel-coated slides, dried at 37 1C for 1 h, and kept at À 20 1C for use.
The Evans Blue-perfused cerebral microvessels in the sections, which exhibit fluorescence when the Evans Blue binds to proteins, were examined and imaged at each time point in the ischemic centers of the lesioned cortices of the rat brains using a Leica fluorescence microscope equipped with a CCD camera (Leica Microsystems). Afterwards, the same sections were stained with AP method for the blood vessels as follows: the slides were rinsed in distilled water, incubated with a fresh and prewarmed reaction solution (3.8 g/l Fast Blue RR, 0.5 g/l a-naphthyl phosphate, 3.8 g/l sodium metaborate, and 1.7 g/l magnesium sulfate in distilled water) at 37 1C for 15 min, and then washed in distilled water. The fields used for evaluating the Evans Blue-perfused blood vessels were relocated and photographed again. Both the Evans Blue-perfused and the AP-stained microvessels were quantified on the optical and fluorescence images. Only a blood vessel with clear morphology and with a diameter o12 mm was counted. The spot in the section was excepted as a transverse capillary to avoid false count or double counts for an identical capillary loop. The ratio between the number of Evans Blue-perfused capillary and AP-stained capillary amount was used for evaluating the cerebral capillary perfusion.
Measurement of the BBB Permeability
Histological analysis of the mechanical injury-caused primary BBB breakdown The disruption of the BBB caused by the primary mechanical injury was also assessed at 0 h post trauma in the Evans Blueperfused rat. The primary BBB breakdown, reflected by the leakage of the Evans Blue, was evaluated with the Leica fluorescence microscope equipped with a CCD camera (Leica Microsystems).
MRI Methodology for the time course of the BBB breakdown in the early injured brain To observe the changes of the BBB breakdown over a 24-h period after TBI, MRI was performed on a 3.0T MRI system (Signa HDx; GE Medical System, Milwaukee, WI, USA). Because contrast agent Gd-DTPA (Magnevist, Schering (Guangzhou), Guangzhou, China) is unable to cross the normal BBB, the signal intensity enhancement on the MRI images post contrast reflects the BBB disruption.
Each of six rats was anesthetized before injury as well as at 1, 4, 12, and 24 h post trauma, and then placed in a prone position on a custom-made 5-cm diameter transmit-receiving birdcage coil, parallel to the B0 magnetic field, in the magnet bore. At each time point, the rat was conducted transverse high spatial-resolution T 2 -and T 1 -weighted MRI scans over the head before and T 1 -weighted MRI scans right after the injection of 0.6 ml of 1:1 (v/v) diluted 469.01 mg/ml Gd-DTPA (Magnevist) with 0.9% NaCl via tail vein.
The MRI images were acquired with the following parameters: for T 2 The signal intensities on the MRI images from the lesioned brains were quantified using densitometric analyses with the NIH ImageJ software (ImageJ 1.43u; National Institutes of Health, USA). The optical density of the cortex and hippocampus part in the ipsilateral hemisphere of the rat brain was measured, so was that in the contralateral hemisphere. Relative optical density was determined by the cortex and hippocampus density divided by the background density of the image. The alteration of the signal intensity was defined by the difference between pre-and post-contrast relative optical densities.
Gelatin Zymography
In the uninjured group and the groups of 0, 1, 4, 12, and 24 h post trauma, the rat brains of four in each group were quickly removed and stored at -20 1C for MMP-9 analysis. After dissected to 12 mm in thickness, centered over the impacted site, each brain tissue was further separated to the ipsilateral and contralateral parts. The tissue was homogenized in a cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS) at a ratio of 1:6 (w/v) and centrifuged at 25 150 g for 15 min. The supernatant was saved and further diluted with the cold lysis buffer at a ratio of 1:4 (v/v) for protein concentration measurement by using BCA protein assay kit (Pierce, Rockford, IL, USA). Equal amounts and volumes (20 mg/20 ml) of the total proteins were loaded and separated on a 10% Tris-glycine gel with 0.1% gelatin. After electrophoresis, the gels were washed in 2.7% (w/v) Triton X-100 for 30 min and equilibrated in a developing buffer (50 mM Tris-HCl, pH 7.5, 10 mM CaCl 2 , and 0.01% sodium azide) for another 30 min. The MMP-9 activities were visualized by Coomassie blue staining after the gels were incubated in the developing buffer for 4-5 days at 37 1C.
The MMP-9 activities were quantified by densitometric analyses with the NIH ImageJ software (ImageJ 1.43u, National Institutes of Health). The optical densities were measured for each band and its background within the same lane. The difference between the densities of each band and its background was determined as the density of the MMP-9 activity. Relative optical density was defined by the MMP-9 activity density in the lesioned brain divided by the one in the normal brain.
Statistical Analysis
The data of the ratio of the Evans Blue-perfused capillary number to AP-stained capillary amount and the MMP-9 activity intensity were analyzed with one-way analysis of variance (ANOVA), followed by Tukey and Games-Howell post-hoc tests, respectively, in the Statistical Package for Social Sciences 13.0 (SPSS, Chicago, IL, USA). The MRI signal intensity data in the different groups were compared using one-way ANOVA with repeated measures, followed by the least significant difference (LSD) post-hoc test because a Mauchly's test of sphericity showed no statistically significant differences (P ¼ 0.53) in the SPSS. The data were also analyzed by Student's t-test with two tails.
Although the rats used for the analyses of the perfused capillary and the BBB disruption were different, they were from the same strain and randomly selected for the experiments. Therefore, we pooled the data for correlation analysis. The correlation between the changes of the ratio of the perfused capillary number and the MRI signal intensity post-trauma was determined with the Pearson correlation test in the SPSS.
Statistical significance was defined at Pr0.05. The data were presented as the means ± standard errors of the means (s.e.m.).
RESULTS

Evans Blue Labels Cerebral Blood Vessels with Dyes
In either the uninjured or the injured rat, the cerebral blood vessel wall was stained with the Evans Blue, which was seen as a clear light blue layer as observed with an optical microscope ( Figure 1a and b). Differently, there was another uneven layer in dark blue surrounding the light blue wall of the blood vessel in the injured brain, which was considered as a consequence of bleeding due to the existence of the blood cells outside the vessel, similar to those inside the vessel (Figure 1d ). Under a fluorescence microscope, while the vessel walls in both the normal and the injured brains exhibited weaker red fluorescence (Figure 1b and e) , the fluorescence is stronger in the bleeding layer outside the blood vessel of the injured brain (Figure 1e ). It suggests that the Evans Blue can exhibit strong red fluorescence when binding to the leaked blood, which was confirmed by Figure 1g and h. There was slight fluorescence around the vessel in the normal brain (Figure 1b) , which might be a result of the Evans Blue dye diffusion out of the blood vessel due to the air drying of the sections. 19 The images a and b, d and e, and g and h are digitally combined in the images c, f, and i, respectively, to show colocalization.
Cerebral Microvascular Responses to TBI Compromised cerebral capillary perfusion
In the uninjured brain, the Evans Blue-perfused cerebral capillaries showed clear vascular morphology under the fluorescence microscope (Figure 2a ). In contrast, at 0, 1, 4, 12, and 24 h after FP injury, the tracer-labeled blood vessels in the injured cortices disappeared or reduced in quantities (Figure 2b-f) , although the AP staining showed that the blood vessels still existed at the injured sites (Figure 2g -i for 4 h, data at other time points not shown).
The ratio of the Evans Blue-perfused capillary number to the number of AP-stained blood vessels in the lesioned cortex right after (at 0 h after) FP injury was significantly reduced compared with that in the normal cortex (Figure 3 , P ¼ 0.005 by Tukey's post-hoc test). The great reduction continued to 1 h post trauma (Figure 3 , P ¼ 0.023 by Tukey's post-hoc test). However, at 4 h after FP injury, the decreased fraction post trauma was significantly increased in comparison with that at 0 h after injury (Figure 3 , P ¼ 0.016 by Student's t-test). This dramatic improvement in the ratio of the perfused capillary number was kept to 24 h post trauma as compared to that at 0 h after TBI ( Figure 3 , P ¼ 0.017 by Student's t-test).
Impaired BBB
The permeability of the BBB was impaired after FP injury.
Primary mechanical injury induces the primary BBB breakdown
The primary breakdown of the BBB was detected immediately after the primary mechanical injury. In the uninjured brain, the Evans Blue clearly stained the cerebral blood vessels as observed under both the optical (Figure 4a ) and the fluorescence (Figure 4b ) microscopes. In contrast, at the nonhemorrhagic sites of the injured cortex right after TBI (Figure 4c ), stronger Evans Blue fluorescence was noted (Figure 4d ). The extravasation of the tracer indicates that the BBB permeability is increased right after TBI.
MRI monitors the BBB breakdown in the early FP lesioned brain The T 2 -weighted MRI images clearly exhibited the edematous and lesioned regions in the ipsilateral cortices of the injured brains at 1, 4, 12, and 24 h after TBI (Figure 5a ). There were the background signals in both the uninjured and the injured brains on the pre-contrast T 1 -weighted MRI images, except that slight enhancement was observed at the injured site of the brain at 4 h post trauma. On the contrary, the Gd-DTPA leakages in the brains were obviously noted after TBI on the post-contrast T 1 -weighted scans (Figure 5a ). The signal intensities were significantly elevated in the ipsilateral cortices and hippocampi of the contused brains at 4, 12, and 24 h post trauma compared with that in the uninjured brain (Figure 5a and b, P ¼ 0.021, 0.013, and 0.027 by repeated measures ANOVA, respectively). Moreover, an enhancement of the signal intensity was significantly greater in the contralateral cortex and hippocampus at 24 h after injury in comparison to that in the uninjured brain (Figure 5a and c, P ¼ 0.05 by Student's t-test).
Change in the Ratio of the Evans Blue-Perfused Capillary Number is Correlated with that of the MRI Signal Intensity after TBI As stated above, both the compromised ratio of the Evans Blue-perfused capillary number right after trauma and the MRI signal intensity were increased during the development of TBI (Figures 3 and 5) . To evaluate the relationship between these two variables, the correlation analysis was performed. We found that there was a significant positive correlation between the changes in the ratio of the number of the Evans Blue-perfused capillary and the MRI signal intensity. The Pearson product-moment correlation coefficient r ¼ 0.981, P ¼ 0.019 ( Figure 6 ).
MMP-9 Activity is Increased in the Early FP-Injured Brain
To evaluate the activity of the MMP-9 in the early FP-injured brain, we detected the MMP-9 activities by gelatin zymography using the brain tissues from the normal rats and the injured rats at 0, 1, 4, 12, and 24 h after injury. In both the ipsilateral and the contralateral hemispheres, the MMP-9 activities started to increase at 4 h, lasting to 24 h post trauma (Figure 7a and b) . In the ipsilateral hemispheres, the MMP-9 activities were significantly increased at 12 and 24 h compared with that at either 0 h or 1 h post trauma (Figure 7c , P ¼ 0.002 and 0.032 by Games-Howell post-hoc test, respectively, or Figure 7c , P ¼ 0.003 by Games-Howell post-hoc test and P ¼ 0.014 by Student's t-test, respectively). Although no Figure 1 Representative images of the rat cerebral blood vessels perfused with the Evans Blue. In the normal rat, a cerebral blood vessel stained with the Evans Blue is in light blue as observed under the optical microscope (a) and emits weak red fluorescence under the fluorescence microscope, although slight fluorescence is observed around the vessel in the normal brain, which may be caused by the diffusion of the Evans Blue dye out of the blood vessel because of the air drying of the sections (b). In contrast, in the injured brain, a blood vessel in light blue is surrounded by a dark blue layer (d), which emits strong red fluorescence under the fluorescence microscope (e) and is a result of blood leakage because the exuded blood cells (d and e, arrowheads) have the similar staining pattern to the blood cell inside the vessel (d and e, arrow). This characteristic of the Evans Blue is confirmed by the images in (g) and (h), in which the leaked Evans Blue (g, arrowhead), from a broken blood vessel (g, arrows), emits strong fluorescence (h, arrowhead) when binding to the blood extravasation (g and h, asterisks). The images in 
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Y Lin et al significant augmentation of the MMP-9 activity in the lesioned hemisphere was detected at 4 h as compared with those at 0 and 1 h after injury, the increase was much greater at the 4 h time point (Figure 7c ). Likewise, there was no significant elevation in the activity of the MMP-9 in the contralateral hemisphere (Figure 7d ).
DISCUSSION
In this study, we show the changes in the cerebral microvascular perfusion, BBB permeability, and MMP-9 activity over a 24-h period after TBI and find their dramatic alterations at 4 h post trauma. Interestingly, we note a significant positive correlation between the changes of the cerebral capillary perfusion and the BBB permeability, that is, the elevation of the BBB permeability is related to the increase of the blood vessel perfusion. Our findings indicate that the time point of 4 h post trauma may play a key role during the development of TBI and extend the MRI evaluation on BBB breakdown to 24 h in the lateral FP brain injury model of TBI in the rat. Importantly, the analysis of the positive correlation may guide us how to treat TBI.
Cerebral Microvascular Perfusion Signaled by the Evans Blue Fluorescence
The Evans Blue binds with high affinity to proteins, especially to albumin. When the Evans Blue binds with proteins, a vivid red fluorescent complex is formed. 25, 30 The Evans Blue has been used for the evaluation of the capillary perfusion by the intravenous administration of the tracer. 19, 21 In this study, we assessed the cerebral capillary perfusion by the ratio of the 
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intracardiac Evans Blue-perfused microvessel number to the number of AP-stained total blood vessels in the rat brain. There were several reasons for us to choose the combined methodology to evaluate the microvasculature perfusion in the brain. First, after the Evans Blue is intravenously administered, the different circulation times of the tracer may generate the different numbers of the Evans Blue-perfused microvessels in the injured brain, for example, with a longer circulation period of the tracer, larger amounts of the perfused capillaries are found both in the ischemic center and in the pericontusional area as compared to the ones with a shorter time of the circulation, although the period does not affect the vessel counts in the normal brain. 21 In contrast, no circulation time is needed in our study. Second, unfixed brains are generally used for the sections when the tracer is given intravenously. 19, 21 In our preliminary experiments, we found that the unfixed brain tissue was much looser than the PFA-perfused brain and that the sections from the former were larger than those from the latter. As a result, the size of the microvascular lumen in the unfixed section might be increased, which then affects the capillary counts. Third, our intracardiac approach can imitate the physical conditions, such as producing the normal CPP, as described above. Fourth, the intracardiac Evans Blue-perfused cerebral blood vessels clearly illustrated the morphology of the vessels as shown in Figure 2 . Fifth, the PFA-fixed brain section can still be used for the AP staining of the blood vessels, and the ratio between the perfused capillary number and total microvessel amount reflects the cerebral capillary perfusion better than the absolute number of the perfused capillary alone does. Thus, the above reasons convince us that the intracardiac administration of the Evans Blue, combined with AP staining, is able to evaluate the change of the cerebral microvascular perfusion after injury. In fact, the number of the perfused capillaries calculated with the intracardiac Evans Blue in our study was similar to the one counted with the intravenous Evans Blue reported by Göbel et al 19 (369 ± 40 vs 339±25 counts per mm 2 in the uninjured rats). Under both the optical and the fluorescence microscopes, we found that unlike in the uninjured brain, the perfused Figure 5 Magnetic resonance imaging (MRI)-monitored blood-brain barrier (BBB) breakdown after lateral fluid percussion (FP) brain injury. The BBB disruption is detected by the MRI with the contrast agent Gd-DTPA. The series of the representative MRI images are from the same animal to compare one another easily, whereas the statistic analyses of the optical densities (Gd-DTPA extravasation) are based on the MRI data from six animals. On the T 2 -weighted MRI images, edematous and lesioned areas are clearly exhibited in the ipsilateral cortices of the injured brains at 1, 4, 12, and 24 h post trauma (a). There are fundamental signal intensities in the uninjured and injured brains on the pre-contrast T 1 -weighted MRI images, although slight enhancement is viewed in the injured area of the brain at 4 h post impact (a). After the injection of the contrast agent Gd-DTPA, the signal intensities are significantly greater in the ipsilateral cortices and hippocampi (the left sides of the MRI images) at 4, 12, and 24 h (a and b), as well as in the contralateral brain (the right side) at 24 h (a and c) after impact compared with that in the normal brain on the T 1 -weighted MRI images. *P ¼ 0.021, 0.013, and 0.027 for 4, 12, and 24 h post trauma versus normal, respectively, one-way analysis of variance (ANOVA) with repeated measures. **P ¼ 0.05, Student's t-test. n ¼ 6 for each group.
Evans Blue was only able to label few cerebral microvessels in the impacted cortices at 0 and 1 h post trauma, which may indicate the closure of the microvessels and the compromised capillary perfusion at the lesioned sites in response to impact. A series of factors, such as vasospasm, 31 intracranial hypertension, 32 and decreased CPP, 33 may contribute to the compromised perfusion after TBI. In our study, we observed that the blood clots within the cerebral microvessels hindered the capillary perfusion (data not shown).
At 4 h after FP injury, however, more fluoresced blood vessels were visualized in the impacted area. The ratios of the numbers of the Evans Blue-perfused capillaries were significantly greater at 4 and 24 h as compared to that at 0 h post trauma. Our results imply that the moment of 4 h post trauma may be a critical turning point in terms of the capillary perfusion in response to FP injury. Two reasons might account for the increase in the ratio of the Evan Blue-perfused vessel number from 1 to 4 h post trauma: (1) the closed cerebral capillaries post-trauma re-open. (2) The intravascular clotting, as mentioned above, and the gradual sealing of the injured vessels after TBI might increase upstream blood pressure and further build a bypass to the ischemic area. Lundblad et al 34 have reported a progressive reduction in the perfused capillary numbers at 3 and 24 h post trauma in a mouse controlled cortical impact (CCI) model of TBI, which is Figure 7 Time course of the matrix metalloproteinase-9 (MMP-9) expression in the early fluid percussion (FP)-injured rat brain measured by gelatin zymography. In both the ipsilateral and the contralateral hemispheres, the increases of the MMP-9 activity start at 4 h and maintained to 12 and 24 h post trauma (a and b). Compared with the MMP-9 activities at 0 and 1 h post trauma, the ones in the ipsilateral hemispheres are significantly greater at 12 and 24 h after injury (c). However, no significant elevation of the MMP-9 activity is detected in the contralateral hemisphere of the injured brain (d). *P ¼ 0.002 and 0.032 for 12 and 24 h versus 0 h after injury, respectively, Games-Howell post-hoc test. Cerebral microvascular responses in injured brain Y Lin et al different from our findings in the rat FP brain injury model. The discrepancy might be caused by the difference of the trauma intensities, TBI models, or animal species. Park et al 35 have documented the diminishment of the microvascular densities in the rat brain at 24 h and 2 weeks after two intensities of FP brain trauma. 35 In contrast, we evaluated the change of the microvascular perfusion in the early FP-injured brains of the rat. In the clinic, since earlier therapy yields better outcomes, the patients could profit from our finding.
Primary BBB Breakdown Right after Injury As the CNS trauma causes both the primary and the secondary injury, the BBB/spinal cord barrier correspondingly undergo two phases of the breakdown: primary breakdown and secondary breakdown. 36, 37 Some studies have addressed that the primary barrier breakdown is detected by the in vivo perfusion of tracers before injury, 11, 37 but this evaluation on the barrier permeability might not indeed reflect the barrier disruption right after TBI. In our study, we intracardially perfused the Evans Blue immediately after injury to measure the primary BBB disruption, which may guide the intravenous administration of medicines right after post trauma. We found that the BBB permeability to the tracer was augmented immediately after post trauma, which is consistent with a previous study showing that the Evans Blue is extravasated in the mouse brain right after cryoinjury. 25 As the blood was depleted by saline before the intracardiac perfusion of the Evans Blue, our method avoids the interaction between the Evans Blue and the plasma proteins such as albumin. Therefore, our finding indicates the BBB leakage only to the Evans Blue.
Impaired BBB in the Early Injured Brains Evaluated by MRI Many protocols have been reported to evaluate the breakdown of the BBB. 9, 10, 12 For example, the extraction of the extravasated Evans Blue from the brain tissue has been used to assess quantitatively the barrier impairment. 38, 39 In our study, we used the MRI measurement to detect the BBB disruption after TBI because this technique is widely applied in the clinic to diagnose the CNS diseases and patients could potentially benefit from our research work. The MRI contrast agent Gd-DTPA is commonly used to make brain structures good contrast. In the uninjured brain, the Gd-DTPA cannot go through the BBB. However, when the barrier is disrupted, the contrast agent is extravasated, which can enhance the signal intensity on the MRI image. 13, 40 There is evidence that the BBB breakdown evaluated by the MRI varies in different experimental TBI models. 13, 41 Beaumont et al 41 have reported that in the rat impact acceleration model (IAM) of TBI, the BBB rapidly opens and then fast closes to 36 h after injury, whereas the BBB permeability is increased for 4 h in the CCI TBI model of the rat.
In this study, we monitored the BBB disruption using the MRI in the lateral FP brain injury model of TBI in the rat. We found that the MRI signal intensities were significantly increased in the ipsilateral cortices and hippocampi at 4, 12, and 24 h after injury, as well as in the contralateral part at 24 h post trauma as compared with those in the normal control areas. Two reasons might be related to the elevation of the MRI signal intensity: one is an increase in the amount of the contrast agent within the blood vessels because of the increased number of the perfused capillaries and/or the augmented blood flow, and the other is more tissue uptake of the tracer under the condition of the BBB breakdown. In our study, because the ratio of the Evans Blue-perfused capillary number was correspondingly decreased in the impacted area at each time point after TBI compared with that in the normal brain as described above, we conclude that the augmentations of the MRI signal intensities at 4, 12, and 24 h after TBI are due to the BBB leakage to the contrast agent. There is a previous report that by using the MRI technique, the disruption of the BBB is found to retain up to 12 h in the rat lateral FP brain injury model. 14 Therefore, our study extends the MRI evaluation on the BBB breakdown to 24 h after FP brain injury in the rat. Our findings are consistent with the histological investigations not only from our study that the BBB is disrupted right post trauma but also from other previous reports that the barrier impairment lasts days after TBI. 42, 43 We detected that the changes of both the MRI signal intensity and the perfused capillary number ratio in the ipsilateral part of the injured brain were more prominent at 4 h than those at 1 h after impact. To fathom which of the factors mentioned above contributes to the elevation of the MRI signal intensity, the tracer leakage on the MRI image was observed. On account of the fact that our MRI image exhibited more tracer leakage in the impaired area at 4 h than that at 1 h post trauma, we conclude that the greater MRI signal intensity at 4 h is at least partly due to more tracer crossing the disrupted BBB as compared with that at 1 h after injury. Our finding of the significantly increased BBB permeability at 4 h post trauma is in accordance with a previous report that the barrier leakage to a-aminoisobutyric acid peaks at 4 h after a focal cortical contusion. 44 The elevation of the BBB permeability between 1 and 4 h following injury might be due to further damage of the disrupted barrier post trauma, which is caused by the ischemia right after TBI, 44 or the greater surface area of the leaky BBB induced by the higher perfusion of the disrupted vessels via the above mentioned bypass.
Our T 2 -weighted MRI images showed that there were relative larger edematous and lesioned areas in the injured brains at 4, 12, and 24 h post trauma than the ones in the normal brain and in the injured brain at 1 h after TBI, which were in agreement with the significant increases in the BBB permeability at these time points post trauma. Traumatic brain edema has been regarded as a combined event of vasogenic and cellular edemas, although the cellular factor is predominant. 41, 45 Thus, our findings may imply a vasogenic factor in the edema formation after TBI.
Relationships between the Changes of the Capillary Perfusion, BBB Breakdown, and MMP-9 Activity after TBI We noted that there was a significant positive correlation between the ratio of the Evans Blue-perfused capillary number, reflecting capillary perfusion, and the MRI signal intensity, representing the BBB permeability, from 1 to 24 h post trauma. Although this correlation cannot determine a cause-and-effect relationship between two variables, it indicates that the change in the BBB permeability is related to the alteration of the capillary perfusion and that as the cerebral capillary perfusion increased so did the BBB permeability, that is, the increase in the BBB permeability is related to the restoration of the perfusion over a 24-h period after injury. Our finding may guide the TBI therapy. For example, since the cerebral capillary perfusion was compromised right after injury, if any therapeutic strategy, such as the fluid administration, to improve the microvascular perfusion is conducted at the beginning of TBI, the treatment should be paid more attention at 4 and 24 h post trauma because it may cause or aggravate the brain edema under the condition of the augmented BBB permeability at these time points after TBI. In fact, our MRI finding indicated that the elevation of the barrier permeability was consistent with the edema in the injured brain as mentioned before.
We found that the MMP-9 enzymatic activity was augmented after FP injury. This finding is in agreement with other previous studies in which the activity of the MMP-9 10 and its mRNA expression 46 have been increased in the rat CCI model of TBI. It has been reported that the BBB disruption may be associated with the MMP-9 activity. 10, 15 Some studies have documented that the MMP activity inhibitors are able to attenuate the BBB breakdown. 15, 47 In our study, we noted that there was a similar pattern in the augmentations of the MMP-9 activity and the BBB permeability after TBI. Therefore, our finding may contribute to the investigation of their relationship.
CONCLUSIONS
The purpose of our study is to explore the correlation between the changes of the cerebral microvascular perfusion and the BBB permeability after TBI. Thus, we evaluated the alterations of the cerebral capillary perfusion by the intracardiac perfusion of the Evans Blue and the BBB permeability by the MRI during a period of 24 h post trauma in the lateral FP brain injury model of TBI in the rat. Moreover, because the MMP-9 activity may be related to the BBB disruption, the gelatin zymography was used to assess the MMP-9 activity after injury. We found the great changes at 4 h post trauma in the ratio of the Evans Blue-perfused cerebral microvessel number, the BBB permeability, and the MMP-9 activity, as well as a significant positive correlation between the changes of the cerebral microvascular perfusion and the BBB permeability post trauma. Therefore, our findings demonstrate that the time point of 4 h post trauma may play a key role during the development of TBI and that the MRI can be used to observe the long event of the BBB breakdown in the rat lateral FP brain injury model of TBI. Importantly, the correlation analysis may guide us how to optimize the cerebral capillary perfusion, but not to cause other neurological pathophysiologies such as the edema.
